Abstract: Single price discount in unit cost for bulk purchasing is quite common in reality as well as in inventory literature. However, in today's high-tech industries such as personal computers and mobile industries, continuous decrease in unit cost is a regular phenomenon. In the present paper, an attempt has been made to investigate the effects of continuous price decrease and time-value of money on optimal decisions for inventoried goods having time-dependent demand and production rates. The proposed models are developed over a finite time horizon considering both shortages and without shortages in inventory. Numerical examples are taken to illustrate the developed models and to examine the sensitivity of model parameters.
INTRODUCTION
Most of the traditional inventory models in inventory management literature do not take into account the factors like time-value of money, continuous price decrease etc. In reality, these factors do have significant effects on the EOQ (economic order quantity) of any inventory system. Since the resource of an industry is highly correlated to the return of investment and it depends very much on the time of use, therefore, taking account of the time value of money is very critical in managerial decisions. Buzacott [2] was the first who introduced the concept of inflation in inventory modelling. Misra [10] considered internal as well as external inflation rates in his model and analyzed the influence of interest on replenishment strategies. Chandra and Bahner [3] , and Sarker and Pan [13] developed infinite/finite replenishment models with shortages, considering
Notations
The following notations are used throughout the paper: 
D(t)
=
THE MODEL WITHOUT SHORTAGE: MODEL 1
We suppose that n production-inventory cycles are completed during the planning horizon H. For modeling simplicity, we divide the planning horizon H into n equal parts so that the length of each cycle is H/n. Consider the i-th cycle [T i-1 , T i ], i = 1,2, ...,n, where T i = iH/n. The production starts at time T i-1 and stops at time t i1 (T i-1 <. t i1 < T i ). As time passes, the inventory level increases with a rate P(t)-D(t) in the interval [T i-1 , t i1 ] and attains the maximum level at time t i1 . During the time period [t i1 , T i ], the inventory level decreases in order to meet up demand and ultimately reaches to zero level at time T i , i =1,2,...,n. A schematic diagram of the production-inventory process is shown in Figure 1 . The instantaneous states of the inventory level at any time t (T i-1 ≤ t ≤ T i ), i = 1,2, ...,n can be represented by the following differential equations:
with I 1 (T i-1 ) = 0;
and dt
with I 2 (T i ) = 0.
The solutions of the differential equations (1) and (2) are given by
and
respectively. Since the total quantity produced during the time period [T i-1 , t i1 ] satisfies the total demand during the period [T i-1 , T i ], therefore, we have
After integrating and simplifying, we get
The total cost in this model includes the set up cost, inventory holding cost and production cost. Since the set up cost is needed at the beginning of each cycle, therefore, the present value of the set up costs for n setups during the planning horizon H is given by The present value of the holding costs for n cycles is , where c = -log(1-u/100). In the i-th cycle [T i-1 , T i ], i = 1,2, ...,n, the production starts at time t = T i-1 and stops at t = t i1 , therefore, the present value of the production costs for n cycles is given by Hence from equations (6), (7) and (8) the present worth of the total cost over the finite time horizon H is given by 
Our objective is to find the optimal value of n which minimizes TC 1 (n). Since n is a discrete variable, the minimum value of TC 1 (n) can be obtained by satisfying the
THE MODEL WITH SHORTAGE: MODEL 2
We now extend the model developed in the previous section by allowing shortages to occur in inventory. The following additional assumption and notation are adopted to develop the model:
(i) Unsatisfied demands are not backordered and are assumed to be lost completely. (ii) r 2 is the cost of running out one unit of the product for a unit time (iii) I 3 (t) is the inventory level at any time t.
Let us consider the i-th production-inventory cycle [T i-1 , T i ], i = 1,2, ...,n, where the production starts at time T i-1 stops at time t i1 (T i-1 <. t i1 < T i ). The inventory level decreases from the maximum level at time t i1 to the zero level at time t i2 (T i-1 <. t i1 < t i2 < T i ). The inventory remains in the negative level during the time period [t i2 , T i ], i = 1,2, ...,n because of continuous demand for the product. The maximum shortage level occurs at time T i , where the production again starts for the next cycle. The graphical representation of the inventory system is shown in Figure 2 .
Let k (0 < k <1) represent the fraction of each length during which inventory is carried for each cycle. Then we have, The inventory level at any time t (T i-1 ≤ t ≤ T i ) can be described by the following differential equations:
with
with I 2 (t i2 ) = 0,
with I 3 (t i2 ) = 0. The solutions of equations (10), (11) and (12) ,
Since I 1 (t i1 ) = I 2 (t i1 ), therefore, we have from equations (13) and (14) 
where m j = b j -δ for j = 1,2.
Similarly, the present value of the shortage costs for n cycles is Since the above cost function is a function of a continuous variable k and a discrete variable n, it is very difficult to find the optimal values of k and n simultaneously. So, for any given n, necessary condition for optimal TC 2 
A solution k * of equation (20) would be a minimizer of TC 2 (n, k) provided that
Applying the line search technique on n one can find n * , the optimal value of n and the corresponding k * which jointly determine the minimum total discounted cost TC 2 (n * , k * ). We apply the line search technique on n. Table 1 shows that TC 1 (n) is convex in n and the minimum value 12944.6 is obtained for n = 8. As n increases, the present value of set up cost increases whereas the present values of holding cost and production cost decrease. Table 2 shows the optimal results of Model 1 for different lengths of the time horizon H. The number of production-inventory cycles as well as the total discounted cost increase with H, as expected. 
NUMERICAL EXAMPLES

Example 2
We consider the following data for Table 3 shows that the minimum value of TC 2 (n,k ) is 11120.1 and it is obtained for n = 10 and k = 0.412773. Comparing the results in Table 1 and 3 we find that Model 2 provides lower cost than Model 1. Like Model 1, both the number of production-inventory cycles and the total discounted cost increase as the length of the time horizon increases, see Table 4 . Table 5 shows the effects of time value of money on the total cost. When δ varies from 1% to 10%, the total cost varies from 4% to 34%. Table 6 shows the sensitivity analysis with respect to the model parameter u in Model 2. The total discounted cost decreases significantly with the increase in percentage increase in unit price. For a 25% decrease in the value of u (u = 40 to u = 30), TC 2 (n * ,k * ) increases 15% whereas for 25% increase in the value of u (u = 40 to u = 50), TC 2 (n * ,k * ) decreases 12%.
CONCLUSIONS
In this paper, we have developed inventory models for items whose demand and production rates are dependent on time and unit price decreases continuously with time. We have obtained optimal decisions by taking into account the time value of money over a finite planning horizon. Some realistic features that are highlighted in the developed models are likely to be associated with an inventory of electronic goods for which the assumption of continuous price decrease is quite appropriate. It is a well known fact that the prices of electronic goods are becoming increasingly lower each year. So the idea of continuous price decrease for these products can not be ignored. Moreover, the assumption of time dependent production and demand rates is also realistic. In any industry, the production rate and demand rate can not remain constant for long time; it might vary with time. In that sense, the idea of time dependent production and demand rate is more appropriate than the idea of constant production and demand rates. Furthermore, the occurrence of shortages in inventory is a natural phenomenon in real situations. Finally, the effect of time value of money is taken into account as it may be observed that today's economy of many countries is in the grip of a large scale inflation and a consequent sharp decline in the purchasing power of money.
